hyperglycemic events that result in ER visits and hospitalization, all of which are traumatic and have long term consequences on the quality of life. [1] [2] [3] [4] Developing a blood glucose meter that is easy to use and has a graphic user interface (GUI) that is interactive, with ergonomic and human factors engineered that limit the number of multifunction buttons that need to be pressed, is important so that the user's sequence of operation to obtain an accurate blood glucose reading is easier and reduces the risk of user error. In addition, establishing the accuracy and the reproducibility of this accuracy of glucose readings across the range of meter use is extremely important under normal everyday use in the selfmanagement of diabetes so that patterns can be recognized and self-management decisions can be made with confidence.
A recent change in reimbursement rates for blood glucose meters and test strips in the United States has resulted in a shift to the distribution of more inexpensive meters and test strips to people with diabetes. Although these meters meet the FDA standards for clearance, there have been several reported instances of their inaccuracy postmarketing that raise issues of the safety of their use. 5, 6 Until recently there have been no postmarketing surveillance programs that monitor the accuracy and use of blood glucose meters that once sold are in the hands of users although some new programs have begun to highlight the issue. [6] [7] [8] The current standard for clearance is that 95% of the blood glucose results must be within ±20% of a reference standard at blood glucose values greater than 75 mg/dL and within ±15 mg/dL for those less than 75 mg/dL. This means that under current FDA standards, a reading of 50 mg/dL could actually be 65 mg/dL or 35 mg/dL, the latter of which could have dangerous consequences.
The FDA has clearly recognized that accuracy is an important issue and in the guidance document issued January 14, 2014, has proposed higher standards for clearance and postmarket surveillance stating 9 "Blood glucose test results are used by people with diabetes to make critical decisions about their treatment; therefore, it is important that the results are accurate so that nutritional and drug dosing errors are better avoided. To demonstrate that your SMBG device is sufficiently accurate to be used safely by diabetic patients for this purpose, you should demonstrate that 95% of all SMBG results in this study are within +/-15% of the reference measurement across the entire claimed measuring range of the device and that 99% of all SMBG results are within +/-20% of the reference measurement across the entire claimed measuring range of the device." The current ISO 15197: 2013 minimum system accuracy criteria call for "95% of the measured glucose values shall fall within either ±15 mg/dl of the average measured values of the reference measurement procedure at glucose concentrations <100 mg/dl or within ± 15% at glucose concentrations ≥100 mg/dl and 99% of individual glucose measured values shall fall within categories A and B of the consensus error grid (CEG) for type 1 diabetes." 10 To date the most widely used "standard reference measurement procedure" use enzyme-based instruments like the YSI Glucose STAT analyzer which use the very same enzyme reactions used in the glucose meters being tested. However, these "reference measurements" are strictly comparative methods or comparative measurements rather than a true orthogonal and primary reference method which should be used to determine accuracy. In fact it has been reported that the YSI method is ~8% negatively biased for plasma glucose compared to a clinical laboratory improvement amendment recognized method. 11 In part, some of the "inaccuracies" may be due to the "corrections" for hematocrit needed to convert blood glucose values to the plasma glucose values displayed by glucose meters. The National Institute of Standards and Technology (NIST) assay for glucose in human serum uses isotopic GC-mass spectrometry as a standard reference measurement procedure. 12 GC-mass spectrometry, however, is laborious, with limited throughput that cannot readily be used in routine blood or serum glucose determinations as a reference standard for the assessment of blood glucose meter performance by most BGMS manufacturers. In the previous article, 13 we reported on the development of a highly accurate and high throughput isotope-dilution liquid chromatography-mass spectrometry (ID-LC/MS) assay. In this article we have used this primary reference method to establish the accuracy of a new cellular-enabled glucose meter from Livongo Health, the In Touch® blood glucose monitoring system (BGMS). We have also detailed other performance characteristics of this new BGMS, and show that it represents a new generation of accurate, precise, and user-friendly meters for use by people with diabetes in their daily self-management.
The Livongo In Touch® BGMS
The design of the In Touch® BGMS (Livongo Health, Mountain View, CA) ( Figure 1 ) was guided by human factors and usability engineering principles, with the goal of making self-monitoring of blood glucose easier. The concept was to design away the multifunction buttons on currently marketed glucose meters, the small and limited resolution black and white LCD display, and to eliminate written logbook or the uploading of blood glucose results through a cable into a PC, all of which are cumbersome and can add to the frustrations of regular checking of blood glucose.
Accordingly, the In Touch® BGMS has no buttons but rather a color touch screen with colored panels and icons that correspond to each of its unique functions which users can simply tap to access ( Figure 1 ). These functions include (1) CHECK, which initiates the sequence of checking blood glucose and includes a postresult sequence that tag the blood glucose value with mealtimes, carbs, and/or insulin, and how the user "feels" so the blood glucose values and trends are placed in context; (2) TRENDS, which is an onboard color tabular display of daily (hourly), 7, 14, 30, and 60 days logbook values, before and after meals, patterns and stats, and snapshot summary of important results like average, standard deviation, percentage within goals, over 14, 30, or 60 days, all of which eliminate pressing buttons and scrolling through the results as on current meters; (3) TEAM, which allows users to share and route their data to their designated and selected care team, a coach, their physician, or family member either by email, fax, or secure text; (4) MESSAGES, which provides 2-way messaging between care team and the user at the time of checking with messages that provide periodic general educational information, reminders (eg, running out of strips), or motivational guidance; and (5) ACTIVITY, which uses the built in accelerometer of In Touch® to measure the user's steps and activity. When the user is finished checking their blood glucose, the data complete with tags and any activity information is sent automatically and securely through a proprietary encrypted algorithm through the GSM cellular network into the user's secure cloud for review by the user and the user's health care team. In addition, date and time are automatically set to where the user is anywhere in the world via the cellular network so that the user's values are always correctly time-stamped.
In this article we assess the accuracy of the In Touch® BGMS using a true reference standard, IDLC-MS, which we have shown in the previous article 13 has excellent traceability, sensitivity, and accuracy. We also include an assessment of precision (both within-run and intermediate), and linearity, and of the human factors-user experience of the system. The In Touch® BGMS was cleared by the FDA in September 2014 (k133584).
Methods

Preparation of Samples for Testing
Readings from were taken over the blood glucose range of 24-620 mg/dL, using whole blood spiked with exogenous glucose to cover this range. Twelve concentrations of blood glucose were used, as were 2 control solutions, level 1 and level 2. To achieve blood glucose concentrations less than 40 mg/dL, the samples were allowed to incubate in a water bath at 37C° and checked periodically for basal/endogenous glucose concentration by IDLC-MS.
Ten In Touch® BGMS and 3 lots of test strips were used (lots 890014, 890016, 890019) with 10 replicates at each concentration. Readings were analyzed for accuracy using the IDLC-MS determined values as reference standard, and for precision (within and between run), and linearity. For intermediate precision across multiple days, blood glucose values were measured at each of the concentration intervals twice daily for 15 days, for a total of 120 measurements per glucose level each day. Prior to the start of each test set, meters were verified that they were operating properly using the appropriate method per the owner's manual. Test conditions were at 24.5-26.5ºC, with a humidity of less than 85%. One of the meters displayed the temperature which was recorded at the beginning and end of each test. The temperature did not deviate more than 4°C during the whole course and day of testing.
Isotope-Dilution LC/MS Standard Reference Method
An isotope dilution UPLC-MRM method was used as the standard reference measurement procedure, against which meter accuracy was established. In brief, the instrument setup consisted of a Waters tandem quadrupole (TQ) mass spectrometer directly coupled in-line to a Waters acquity ultra performance liquid chromatography (UPLC) system and optimized in the multiple reaction-monitoring (MRM) mode using negative ion electrospray to quantify 4 unique precursor/product molecular ion transitions from both endogenous blood glucose levels and a heavy-isotope spiked internal standard consisting of 13 C 6 -D-glucose. The details are as described in the previous article. 13 
Data Analysis
For precision, the mean, standard deviation at 95% CI, and coefficient of variation were calculated at each glucose concentration. ANOVA, with a post hoc t test, was performed to determine any variation between meters. For analysis of BGMS accuracy, data were analyzed according to ISO 15197:2003 and ISO 15197:2013 and defined by "the closeness of agreement between the measured quantity value and a true quantity value of the measurand" [14] [15] [16] by measuring the difference between each individual measure by In Touch® and the mean of the reference standard and analyzed for correlation by regression analysis using Bland-Altman method. 17 The results are reported as bias against the IDLC-MS reference standard and displayed in a Consensus Error grid according to ISO 15197:2013. Results were also compared to those done side by side with the YSI Glucose 2300 STAT analyzer.
All data were included in the analysis. All other statistical treatments were carried out as described. 14, 15, 18 
Human Factors Study
In Touch® BGMS kits were provided to lay users. They had the opportunity to unwrap the sealed box and read the "About In Touch®" guide that is included in the box to get started. They then checked their blood glucose, tagged the results, submitted the results to their cloud-based In Touch® webbased data management system (DMS), and then viewed their results in their secure personal account. Immediately following the blood glucose test and viewing of their results, users were asked to respond to a survey of 80 questions on the physical appearance and function, features, use of the system, and their experience with the use of the DMS. Fiftynine individuals completed the survey. Participants were between the ages of 14 and 85 years old, with 58% women and 42% men.
Results and Discussion
Validation of the Reference Method
The IDLC-MS method was validated as described in the previous article. 13 The IDLC-MS method is both accurate (within 1% uncertainty) against the NIST SRM 965b and 909c glucose in serum reference standards and precise (CV ≤ 1.6%) and meets the traceability criteria of a primary method of measurement and reference standard. 16 
In Touch® Performance: Accuracy
The accuracy of the In Touch® BGMS was examined for the 2 criteria established by ISO 15197:2013: analysis of the bias of the individual measured values against a true reference standard, measured in our case by the IDLC-MS procedure (Figure 2) , and through the consensus error grid 9 of ISO 15197:2013 ( Figure 3 ). Figure 2 shows that 100% of the values fall within ±15 mg/dL and exceeds the minimum 95% criteria of ISO 15197:2013. Figure 3 shows the accuracy of the In Touch® BGMS in a consensus grid measured against the IDLC-MS reference standard at selected concentrations of blood glucose in side by side bench testing (panel A) and by first-time lay users When the bench and lay accuracy results are compared at blood glucose levels ≤75 mg/dL and blood glucose levels ≥75 mg/dL, the data show that there is excellent correlation between the bench and lay user accuracy, with 100% of the lay values falling within ±15 mg/dL across all ranges and not less than 83% within ±5 mg/dL at values ≤75 mg/dL and greater than 83% at values ≥75 mg/dL (Figure 4) . The data are also represented in the form of both ISO 15197: 2003 and ISO 15197: 2013 (Table 1) .
Repeatability and Intermediate Precision
When the repeatability and reproducibility were examined (with accuracy in measured readings confirmed against the IDLC-MS reference standard), the data show excellent repeatability and reproducibility ( Table 2 ). In repeatability studies, the CV for blood glucose values ≥100 mg/dL range from 1.97% to 3.32%; the CV for blood glucose levels <100 mg/dL range from 3.41% to 3.71%, with a CV of 3.71% at 24.9 mg/dL ( Table 2) . For intermediate precision, the CV for all values is less than 5%. ANOVA analysis of the imprecision between meters and between groups shows that there was no statistically significant difference in imprecision between In Touch® meters and between groups of BGMS with P > .05 at 95% confidence interval and range of 0.06 to 0.83. 
Linearity
Evaluation of the linearity 18 of the In Touch® BGMS relative to the IDLC-MS standard shows that the measured values from the BGMS are highly linear over the range of 10-672 mg/dL, with an average correlation coefficient of r 2 = .9992 over the 3 lots of strips and 10 meters tested (Table 3 ).
Comparison Between YSI Measured Values and MS Reference Standard
When we compare the plasma glucose values measured by the YSI STAT analyzer with the plasma glucose values obtained by the IDLC-MS reference method, we find that while the YSI values are repeatable and reproducible with CV between 0.59% to 3.52% over the blood glucose range of 23 mg/dL to 561 mg/dL (compared to IDLC-MS determined CV values of 0.09% to 0.82%), there is significant difference in the YSI measured accuracy vs the IDLC-MS reference standard across the range ( Figure 5 ).
The results show that at plasma glucose concentrations <75 mg/dL the YSI Stat method has a mean bias of +4.87% and SD (95% CI) of 3.29% from the IDLC-MS reference standard and at plasma glucose concentrations >75 mg/dL the YSI Stat method has a mean bias of +4.05 and SD (95% CI) of 2.39%.
Ergonomics and Human Factors
Because ergonomic features have been shown to play an important part in proper use of some medical devices, [19] [20] [21] we also surveyed first-time lay users for the ease of use of the In Touch® BGMS including handling, size, buttons, display readout size, and the sequence of operations required to perform a correct reading.
The results from a user panel show that 100% of the respondents reported that the size, color screen with its GUI are welllabeled and easy to use. Of the respondents, 100% preferred the use of the touch screen to the multifunction buttons on currently marketed blood glucose meters. In addition recall of values and viewing of trends and patterns was easy for 100% of the respondents as was submitting values. Of the respondents, 100% indicated that the "About In Touch®" quick start guide was sufficient to take blood glucose measurements and to understand the functions of the In Touch® meter. Of the respondents, 75% found the web-based DMS intuitive and easy to use without the need for instruction (Table 4 ). Table 5 evaluates the performance of the In Touch® BGMS relative to other blood glucose meters available on the 5 . Bias of the YSI method vs the IDLC-MS reference standard method. This figure shows the bias in mg/dL throughout the range 8-500 mg/dL. In these experiments the known amount of 13 C 6 -glucose was added to the plasma samples and measured side by side by the YSI Stat Analzyer and by IDLC-MS. It is clear from the data that despite good precision of the YSI method, relative to the IDLC-MS reference standard the accuracy of the YSI method shows considerable bias, with measurements up to ~+10% bias relative to the true standard. This bias is most notable at the low plasma glucose concentrations.
Comparison to Other Blood Glucose Meters
Table 4. Human Factors Survey
Physical Appearance and Function 100% Yes
Is the On/Off button easy to find Is the On/Off button a good size Relative to the size of the In Touch® meter is the display a good size? Is the slot to insert the blood glucose testing strip visible and easy to find Is the size of the In Touch® easy to carry and nold Is it easy to find the charging connector and to charge In Touch® In Touch® Features Is the iconpanel "Check" your blood glucose easy to find and use Is the "Trends" icoin and pane easy to understand and use Is the "Team" icon and panel easy to understand and use Is the "Message" icon and panel easy to understand and use Is the "Settings" icon easy to understand and use? Is the "Activity" icon and panel easy to find, understand and use Is the color touch screen display easy to view and to use
Use of In Touch®
Is the In Touch® easy to turn on and off Was the In Touch® blood glucose meter easy to set up Did you find the automatic setting of correct time and date easy Compared to other meters you have used did you find that the In Touch® was easier When you checked your blood glucose, were the Touch® screen prompts easy Was your blood glucose value easy to read on the display Was sending your results to your personal health account easy to do If your results were not sent, were you adequately informed For those results that were not transmitted, were thety available in Trends Were retrieving and reading messages from your account easy to read When you tested with control solution, was it easy and clear Did In Touch® guide you through with easy prompts to test with control Were error messages clearly displayed on In Touch® Were error messages easy to understand in simple languagge when displayed In Settings was it easy and clear how to set reminders In Settings was it easy and clear hbow to set your medications In Setttings in the "About" panel was it clear to find contact and device information In Trends could you view and access your blood glucose values easily In Trends were the blood glucose results from 7,14,30, and 90 days available Were your results in the Tables and graphs in the pattern and stats easy to read Compared to other glucose meters was viewing of your blood glucose results easier In Trends was the summary page easily found as well as a clear summary of your results In Messages were your messages easily retrieved from your health account In Messages were the messages easy to read and understand In Team icon/panel was it clear and easy to send your results to your coach In Team was it easy and clear how to send your results to your MD
Data Management System
Was the In Touch®, www.inTouch®.eoshealth.com web site easily accessible Were you able to login to your personal accounts with a security password Was the In Touch® web data management system clear and easy to view Was the In Touch® web site and data management system easy to navigate Did the In Touch® web data management system accurately match the blood glucose Were you able to easily view your Trends and results on the In Touch® data system market today. The data for the other blood glucose meters were obtained from Freckmann et al 22 and from the American Association of Diabetes Educators. 23 The results show that in spite of the more stringent IDLC-MS reference standard used to assess accuracy of the In Touch® BGMS, the meter performs very well compared to the others and is comparable to the Abbott Freestyle Lite, which uses an improved FAD-GDH enzyme system.
Conclusions
These are the first studies of a new BGMS where system accuracy has been measured against a truly orthogonal, highly accurate and precise reference measurement procedure, namely an IDLC-MS assay for glucose. In this study, we also utilized a well-documented calibration hierarchy that conforms to the metrological traceability requirements of ISO 17511, 16 and is a true primary reference standard for the measurement of accuracy as demonstrated in the previous article. 13 Given the current calls for more accurate reference standards as well as the need for postclearance surveillance, [6] [7] [8] we show that the In Touch® BGMS, as measured by using this IDLC-MS standard, meets and exceeds the minimum standard criteria of both the ISO 15197:2003 and 15197:2013 (yet to be adopted by the FDA) for BGMS accuracy. Given the critical nature of measuring accurate blood glucose values, particularly at low levels, this is the time for a gold standard. 24, 25 We hope that other meters and systems on which people with diabetes rely will begin to adopt this IDLC-MS procedure as a standard reference system to ensure the determination of accuracy of BGMS used by people with diabetes.
In addition, the results show that the In Touch® BGMS is precise, highly linear in its reported values over its entire measurement range, and easy and straightforward to use with nominal set up steps required, unlike many of the current blood glucose meters on the market today. The color touch screen, easy to visualize icons, elimination setting the time and date manually, and the range of features including easy share with the user's team are designed to help those with diabetes gain self-confidence and support in self-management of their diabetes. The results show that in addition to its ergonomic design and ease of use, the In Touch® BGMS performs at the highest standard measurable and establishes the In Touch® BGMS as a highly accurate and useful system.
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